The aim of this review is to evoke briefly the progress that has been made in our knowledge about the contribution of the neural crest to the vertebrate body since it was discovered by Wilhelm His in 1868. Although first studied essentially in amphibian embryos, a large amount of what is known on this very special structure was gained by experimental work carried out on the avian embryo. The making of chimeras between quail and chick has permitted not only to analyse the normal course of neural crest cell migration and differentiation but also to reveal some of the cellular interactions that regulate these events. Looking to the future, we can foresee that the novel methods, which now allow to manipulate gene activities in definite groups of cells and at elected times in the developing embryo, will make the avian model even more instrumental than ever to approach the developmental problems raised by neural crest cell differentiation.
Introduction
The neural crest (NC) is a unique structure of the vertebrate embryo. It disappears soon after being formed and, later, its derivatives become widespread all over the body. Investigations mainly carried out in the avian embryo have revealed that the NC plays a major role in head development (see Hörstadius, 1950; Le Douarin, 1982 ; Le Douarin and Kalcheim, 1999 for reviews). In a stimulating article published in Science in 1983, Gans and Northcutt considered that the emergence of the NC allowed the development of the 'New Head' that characterizes the vertebrate phylum (Gans and Northcutt, 1983) . With the New Head, sense organs associated with complex encephalic nervous structures, and absent in protochordate ancestors, appeared. This novel way to communicate with the external world was compatible with a change in life style of filter-feeding organisms such as the Amphioxus-like protochordates. Vertebrates became able to look and even hunt for their food and became predators. The first predation organ that vertebrates developed, the jaw, like the entire facial skeleton, is derived from the NC, as well as a large part of the skull covering the brain and associated with the sense organs. The use of molecular markers has shown, that protochordates, represented by the extant Amphioxus, are endowed with an encephalic vesicle which made the vertebrate brain not as 'New' as thought by Gans and Northcutt, but , by all means, a structure which, from Amphioxus to primates, has displayed a considerable evolutionary potential. In addition to the head, the NC has contributed to establish relationships of the different tissues and organs of the vertebrate body with one another and with the brain and spinal cord by laying down the peripheral nervous system (PNS). The latter also plays a major role in the adaptation of the body to environmental conditions by its capacity to control the blood flow in the peripheral blood vessels. Moreover, pigmentation of the vertebrate skin and its appendages which entirely depends on the NC, is critical for UV protection, color adaptation to the environment and, in certain species, sexual behaviour.
The NC thus appears to have been a critical asset in vertebrate evolution. This is only one of the reasons why it is an interesting structure in the embryo. The fact that NC-derived tissues are diversified (going from myofibroblasts, fibroblasts, cartilages, bones, melanocytes, endocrine tissues to various types of PNS neurones and glial cells) makes it a highly pluripotent embryonic primordium whose constitutive cells are endowed with the capacity to migrate in the embryonic tissues and to settle in definite sites, where they differentiate into a number of different cell types. This raises the problem as to whether a pluripotent NC stem cell exists and, if so, when the segregation of the different cell lineages occurs. The alternative is that the various cell types derived from the NC could become committed early during ontogeny, namely before the cells start to disperse within the embryo. This problem is related to the molecular mechanisms, which control the migratory behaviour of the NC cells (NCC), on the one hand and to the time when they become specified to a particular fate, on the other. Conceivably, still pluripotent NCC migrate along permissive pathways as they loose their epithelial arrangement within the neural primordium and become individualized. In such a case, environmental cues encountered either during or/and at their site of arrest may determine their fate. Otherwise, NCC might be committed early and might be endowed with a set of receptors enabling them to follow specific pathways towards definite target sites within the embryo. A series of studies carried out essentially in the avian embryo have largely contributed to provide answers to these questions.
Some history about the NC
The fact that cells migrate laterally from the mediodorsal line of the newly formed neural tube was first observed in the chick embryo by His (1868) . He designated the source of these migratory cells (i.e. the joining neural folds), as the 'ganglionic crest' since their visible destination was to accumulate on each side of the neural tube to form the spinal ganglia. During the first half of the 20th century, most of the work on the NC was carried out in amphibian embryos. The current knowledge on this structure was reported by Hörstadius (1950) in a well-known monograph.
However, important papers followed the initial observation of His on sensory ganglia and the chick embryo became a model system to study the NC when the classical ablation experiments led to the demonstration that the sympathetic, parasympathetic and enteric ganglia are of NC origin (Tello, 1925; van Campenhout, 1930 van Campenhout, , 1931 van Campenhout, , 1932 van Campenhout, , 1937 Hammond and Yntema, 1947 , 1953 , 1964 Yntema, 1937 Yntema, , 1943 Yntema, , 1944 Yntema and Hammond, 1945 , 1954 , 1955 Le Douarin, 1982 for a review).
3. Marking the NCC before they start to migrate A turning point in the history of NC studies was when cell marking techniques, able to make NCC recognizable throughout their journey up to the time they reach a fully differentiated state, were applied. A reliable cell marker needs to be specific, i.e. to mark cells precisely and differentially (it should not leak to neighbouring cells), to be stable, non deleterious and easily applied and visualized.
Applying extrinsic markers
Vital dyes like Nile blue sulphate, Neutral red or Bismark brown for example, had been used on amphibian embryos by the pioneer NC 'aficionados'. They have been useful but were far from fulfilling the above-mentioned requirements.
Introduced by Weston (1963) to study the NC of the chick embryo and by Chibon (1964) for the same purpose in amphibians, the radioisotopic labelling of the nucleus with tritiated thymidine ( 3 HTdR) has given rise to a series of elegant studies (Weston and Butler, 1966; Johnston, 1966; Noden, 1975 Noden, , 1976 Noden, , 1978 . This technique, however, suffers from several drawbacks: the label provided by 3 HTdR is diluted out each time the cells divide; moreover, if cells die, their radioisotopic content may be incorporated by their neighbours. Therefore, although useful to follow NCC migration and fate for a short period of time, this technique does not perfectly fulfil the criteria of stability and specificity required.
Modern methods have been devised to label cells in vivo. They have the advantage of not requiring surgery but suffer from not being stable. Injection of fluorescently labelled large molecules that are unharmful for the cells and do not leak out, while being transferred through mitosis, such as Rhodamin-Lysinated Dextran (RLD), has proven to be efficient to follow the fate of single NCC in the chick embryo in vivo Fraser, 1988, 1989; Artinger et al., 1995) .
Another way, less specific but easy to apply, consists in depositing crystals of the vital dye DiI (1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyamide perchlorate) on the neural folds. The dye can also be diluted in isotonic sucrose and injected into the lumen of the neural tube. Since it is liposoluble, the dye is incorporated into the cell membrane and transferred to the daughter cells through a certain number of generations. Both LRD and DiI provide a transient label that is easy to follow under the microscope (Serbedzija et al., 1989 (Serbedzija et al., , 1990 Lumsden et al., 1991) . DiI has been applied also to follow NCC of the mouse embryo and has allowed showing that the results obtained in chick are valid for mammals (Osumi-Yamashita et al., 1996) .
The quail-chick chimera system
The avian embryo was particularly instrumental in the study of cell migration and histogenesis after the quail-chick marking system has been devised in 1969 (Le Douarin, 1969 , 1973 . It was originally based on an observation that I did on the structure of the interphase nucleus of the quail, in which a large amount of heterochromatic DNA is associated with the nucleolus. This distribution of heterochromatin is rare in the animal kingdom and different from that seen in chick where heterochromatin is dispersed in small clumps within the nucleoplasm. This makes the cells of the two species easy to distinguish on sections stained for DNA with the Feulgen-reaction and suggested to me the idea of constructing chimeras between these two species of birds, by associating quail and chick cells in the embryo in ovo (Fig. 1) .
Chimeras resulting from the replacement of definite regions of the embryo of one species by their counterparts from stage-matched embryos of the other, develop normally, suggesting that this experimental system can provide reliable information on the behaviour and fate of the grafted cells. This is why it has been and still is widely applied to study the ontogeny of the NC (see Le Douarin, 1982 ; Le Douarin and Kalcheim, 1999 for reviews).
In vitro cultures of NCC
Investigations aimed at exploring the developmental capacities of single NCC are still actively carried out in vitro. The pioneer work in this respect was that of Cohen and Königsberg (1975) who devised a clonal culture method for quail NCC. It was followed by numerous studies both in the avian and mammalian embryos (see Le Douarin and Dupin, 2003 for a review).
Constructing NC fate map
By substituting fragments of the neural fold or of the neural tube in chick embryos by their quail counterparts (or vice versa) along the whole neural axis, the migration pathways and fates of NCC exiting from each level of the neural tube could be revealed. Fig. 2 summarizes the results obtained (see also Le Douarin, 1982 ; Le Douarin and Kalcheim, 1999 for reviews). The main features of the fate map thus established is that the cells of the cephalic neural fold start to migrate from the level of the mid-diencephalon down to the posterior level of the neural tube, while anteriorly, the neural epithelium gives rise to glandular (the adenohypophysis), neural (the olfactory placode) or epithelial structures (mouth and nasal cavities mucosa, as well as epidermis of the upper lip, nose and frontal region).
Melanocytes arise from the whole length of the NC, whereas the various types of ganglion neurones of the PNS and ENS have distinct levels of origin along the neural axis (Fig. 2) .
In the avian embryo, the mesectoderm, able to yield the various mesenchyme-derived cell types (fibroblasts, myofibroblasts, chondrocytes, osteocytes), is derived from a domain of the neural axis limited to the posterior diencephalic, mesencephalic and rhombencephalic NC (Fig. 2) . 
Migratory pathways of the cephalic NCC and their role in head development
At the cephalic level, the NCC migrate mainly between the superficial head ectoderm and the surface of the neural epithelium, forming a thin sheet of mesenchymal cells which is, later on, enriched with mesodermal cells that migrate ventro-dorsally and are essentially fated to form the endothelium of the forehead blood vessels. These cells carry the VEGFR2 receptor, showing that they belong to the hemangioblastic lineage (Couly et al., 1995) . The mesodermal endothelium formed by VEGFR2-positive mesodermal cells is rapidly associated with myofibroblastic cells of NC origin (Etchevers et al., 2001) .
At the level of the mesencephalon, the NCC migrate in their great majority underneath the ectoderm. They cooperate together with the diencephalic crest to fill up the nasal process (for the anterior mesencephalon) and the first branchial arch (BA1) (for the posterior mesencephalon) which also receives cells from the two first rhombomeres (r1-r2).
The NCC exiting from r4 fill BA2 while the posterior rhombomeres contribute to BA3 and BA4 -5 (Lumsden et al., 1991; Couly et al., 1996; Köntges and Lumsden, 1996) . Rhombomeres 3 and 5 (r3, r5) produce only few NCC since, as shown by Graham et al. (1993) , the proximity with even-numbered rhombomeres induces the apoptotic elimination of a large number of the cells in the neural fold of odd-numbered rhombomeres. The cells exiting from r3 participate (although in small numbers) in BA1 and BA2; those from r5, in BA2 and BA3 (Fig. 3A,B) .
The connective components of the head muscles have a NC origin. Moreover, the connective tissues associated to the muscles have the same transverse origin as the bones on which these muscles are inserted (Köntges and Lumsden, 1996) . Therefore, during head ontogeny, each rhombomeric or mesencephalic NCC population remains coherent and its segmental distribution is maintained throughout development. This probably accounts for the permanence of the cranial skeleton and muscular patterns throughout vertebrate evolution.
The dermis of the head, face and neck is of NC origin wherever the bones are NC-derived. The NC forms the meninges of the forebrain (while the meninges of the other parts of the central nervous system (CNS) are of mesodermal origin).
As shown by Etchevers et al. (2001) , the blood vessel wall in a large part of the head (except for the endothelium) is formed by NCC. The NCC arising from the level of somites 1-3, designated by Kirby et al. (1985) as the 'cardiac' NC, contribute massively to the heart, namely the aortico-pulmonary and conotruncal septa.
Although a contribution of NCC to the facial skeleton had been reported in lower vertebrates as early as the turn of the 20th century and later on confirmed by ablation experiments in the chick embryo by van Campenhout in 1937, it was only the use of the permanent cell marking technique provided by the quail-chick chimeras which allowed a complete knowledge of the contribution of the NC to the vertebrate head, to be recognized.
The next important step in the analysis of the development of this part of the body was initiated after the homeotic genes of the Hox family had been discovered and when it was shown that their expression was excluded from the anterior domain of the crest which is at the origin of most of the head skeleton (see Krumlauf, 1993 ; Le Douarin and Kalcheim, 1999 for reviews).
Genetic control of head skeleton development
An important feature of head development is that the NC which will form the facial and visceral skeleton, is divided into two domains as far as Hox gene expression is concerned: an anterior domain (from mid-diencephalon down to r2) in which no Hox genes are expressed and a posterior domain in which Hox genes of the four first paralogous groups are expressed according to a pattern indicated on Fig. 3B ,C (Prince and Lumsden, 1994; Couly et al., 1994 and references therein) .
The fate of the NCC emerging, respectively, from the Hox-negative and Hox-positive domains of the cephalic NC has been determined in quail-chick chimeras. Most of the skull and all the facial cartilages and bones together with the entire hyoid cartilage, are of NC origin (Fig. 3D -F) . Only that part of the hyoid cartilage located caudally to the midbasihyal is derived from the Hox-positive domain of the NC, meaning that most of the facial skeleton including the entoglossum and the anterior part of the basihyal, are made up of Hox-negative NCC.
Migration and fate of the 'trunk' NCC
At the trunk level, migration of NCC proceeds in two steps. First, the cells migrate on the dorsal surface of the neural tube and then proceed dorso-ventrally only in the rostral somitic half, where the mesenchyme is permissive for their invasion, as it is for the growing axons exiting ventrally from the motoneurones of the spinal cord (Kalcheim and Teillet, 1989) . This stream of NCC is at the origin of the spinal and sympathetic chain ganglia and plexuses (together with the adrenal medulla, at the brachial level of the embryo: somites 18-24). The second migration stream takes place when the dermomyotome has delaminated from the somites. The dorsolateral pathway of migration then becomes available to NCC that remained for a while accumulated in the dorsomedial angle of the somites and are fated to become melanocytes. They express the ETRB 2 receptor for endothelin-3 (ET3) which, from that stage on, is produced by the superficial ectoderm and references therein).
The 'vagal' level of the NC has been defined on the basis that it corresponds to the level of emergence of the vagus nerve which innervates the gut and because it is at the origin of NCC which invade the gut and yield the ganglia of the enteric nervous system (ENS). An additional supply of NCC from the lumbo-sacral region of the neural axis also contributes to the post-umbilical gut innervation (see Le Douarin and Kalcheim, 1999 for a review).
The plasticity of NCC development

In vivo transplantation of PNS ganglia
The pluripotency of the NCC is accompanied by a high level of plasticity that can be evidenced by two ways: first, in the differentiation choice which, at the population level, was shown to depend on environmental cues (Le Douarin and Teillet, 1974; Le Douarin et al., 1975; Dulac et al., 1988; Dulac and Le Douarin, 1991; Cameron-Curry et al., 1993 and see Le Douarin, 1982 ; Le Douarin and Kalcheim, 1999 for reviews); second, by the fact that, once differentiated, certain NC-derived cell types were shown to be able to reverse their cell type to a pluripotent precursor state and even to a different phenotype. This could be demonstrated by the clonal analysis of quail NCC (see Le Douarin and for a review).
Thus, heterotopic transplantation of definite fragments of the NC along the neural axis between quail and chick embryos, did not significantly perturb the development of the PNS and ENS. This meant that the NCC fated to differentiate into the various autonomic and sensory ganglia followed the migration pathways available at the graft site and homed to the tissues and organs corresponding to the level of the graft. They differentiated according to their localization in the embryo rather than to their level of origin in normal development.
In vivo transplantation of already differentiated NC derivatives, such as PNS ganglia, of quail into chick, were also instrumental in showing that undifferentiated multipotent precursors remain present in PNS ganglia during the entire embryonic period (Ayer-le Lièvre and Le Douarin, 1982; Schweizer et al., 1983; Dupin, 1984; Fontaine-Pérus et al., 1988) . When transplanted into the NC migration pathway of a younger host, these cells recover the capacity to migrate with host NCC. They proliferate and finally differentiate according to their novel environment. Thus, these quiescent precursors remaining in the PNS ganglia can be considered as putative neural stem cells of the NC, a view comfirmed by in vitro culture experiments.
In vitro culture of single NCC
Clonogenic assays of avian NCC directly isolated from the embryo as they migrate (for the cephalic NC) or after they have spread from neural tube explants (especially for trunk NC) have provided important information concerning their developmental potential.
As they migrate, avian NCC constitute a heterogeneous population as far as their proliferation and differentiation potentials are concerned. In the migration stream of trunk NCC, a variety of progenitors can be evidenced in culture (Cohen and Königsberg, 1975 ; Sieber-Blum and Cohen, Baroffio et al., 1991; Trentin et al., 2004) . In the cephalic NC, neurones (N), glia (G), melanocytes (M) and mesectodermal derivatives, i.e. myofibroblasts (F) and cartilage (C), arise from diverse 'intermediate' pluripotent and bipotent progenitors, which suggest that committed cells are generated through progressive restrictions in the potentialities of a putative 'totipotent-like' NC (dotted circle). In the trunk NC, clonogenic cells endowed with chondrogenic potential (in blue) are not recovered: however, various myofibroblastic (non-chondrogenic) progenitors (in green) are present as in the cephalic NC. Self-renewal was demonstrated for rat trunk GNF-like cells (Stemple and Anderson, 1992) and quail trunk and cephalic, GM and GF progenitors (Trentin et al., 2004) . Note that all the clonogenic cells that are pluripotent were found to yield a glial progeny.
1980; Sieber-Blum, 1989 , 1991 Dupin and Le Douarin, 1995; Lahav et al., 1998; Trentin et al., 2004) . These progenitors are either melanocyte-fate restricted, or bipotent, i.e. able to give rise either to both pigment and glial cells, to glial cells and neurones or to glial cells and myofibroblasts. Others are endowed with the potentiality to yield three and more phenotypes, thus recapitulating the repertoire of trunk NC derivatives (Fig. 4) .
In the clonal cultures carried out with quail mesencephalic -rhombencephalic NCC, we were able to show that mesenchymal as well as neuronal, glial and melanocytic potentials coexist in certain subsets of clonogenic cells identified as 'totipotent' and 'intermediate' pluripotent progenitors (Fig. 4) (Baroffio et al., 1988 (Baroffio et al., , 1991 Dupin et al., 1990; Dupin and Le Douarin, 1995; Trentin et al., 2004) . This capacity to yield mesenchymal cells (myofibroblasts or/and chondrocytes) is shared by a subset of pluripotent progenitors able to differentiate along some or all kinds of other NC lineages, meaning that the segregation of 'neural-melanocytic' and 'mesenchymal' cell lines is not completed at the time NCC start to migrate.
Another striking result that can be seen in Fig. 4 , which summarizes the outcome of these experiments, is that all the intermediate (including bipotent) precursors recorded were able to yield glial cells, as if the gliogenic differentiation potential would constitute a general marker of NCC.
In vitro clonal assays also demonstrated the existence of common progenitors for neurones, pigment cells as well as fibroblasts and chondrocytes, in the 'cardiac' NC of the quail (Ito and Sieber-Blum, 1991) and mouse (Youn et al., 2003) . Even after they have colonized the posterior BAs, postmigratory 'cardiac' NC-derived cells retain common progenitors for both neurones and chondrocytes and/or myofibroblasts .
In vitro culture methods, devised for avian NCC, were adapted to mammalian cells and led similarly to identify pluripotent progenitors in mouse and rat NC (Stemple and Anderson, 1992; Shah et al., 1994 Shah et al., , 1996 Rao and Anderson, 1997; Paratore et al., 2001) . Precursors exiting from the rat trunk NC, able to yield autonomic neurones, glial cells and myofibroblasts, were even shown for the first time to self-renew in vitro, thus deserving to be considered as NC stem cells (Stemple and Anderson, 1992) .
It is noteworthy that true stem cell properties were also recently demonstrated in avian species where bipotent precursors that produce glia and melanocytes (GM) or glia and myofibroblasts (GF) (Fig. 4) are able to self-renew in vitro along successive rounds of subcloning (Trentin et al., 2004) .
Moreover, in vitro studies confirmed the results of the early in vivo backtransplantation of PNS ganglia into the NC migration pathway of younger hosts. These results revealed the persistence of stem-like cells within the nonneuronal population of all PNS and ENS ganglia. This was documented in vitro in avian and mammalian embryos for sensory and sympathetic ganglia (Duff et al., 1991; Sextier-Sainte-Claire Deville et al., 1992; Hagedorn et al., 1999 Hagedorn et al., , 2000 , peripheral nerves (Morrison et al., 1999; Nataf and Le Douarin, 2000; Bixby et al., 2002) as well as enteric plexuses (Sextier-Sainte-Claire Deville et al., 1994; Bixby et al., 2002; Kruger et al., 2002) . Pluripotent progenitors were evidenced in these sites until late in development and even in postnatal and adult life . Some of them, endowed with self-renewal (Morrison et al., 1999; Bixby et al., 2002; Kruger et al., 2002) , thus can be considered as stem cells and may constitute a reservoir for ensuring turnover of glia and neurones in the PNS. Such stem cells may be also at the origin of various types of tumours, like neurofibromas, melanotic Schwannomas and neurofibrosarcomas which affect several NC-derived lineages.
Plasticity of NC-derived differentiated cells revealed by the effect of endothelin-3 (ET3)
Several environmental factors were shown to influence NCC differentiation along their distinct phenotypes (see Le Douarin and Kalcheim, 1999; Le Douarin and Dupin, 2003 for reviews). Among those, ET-3 peptide produced by the skin and the gut wall, has been the subject of a series of studies, which revealed that it is an important factor for melanocytes, glial cells and ENS development (Gershon, 1999; McCallion and Chakravarti, 2001 ). Moreover, ET3 was shown in vitro to induce the 'transdifferentiation' of differentiated melanocytes into glial cells and vice versa.
When stimulated to proliferate in vitro by ET3, pigment cells isolated from quail epidermis de-differentiate, switch on glial-specific gene activity and at the single cell level, generate a mixed progeny of glial cells and melanocytes (Dupin et al., 2000) . Similar glial-melanocytic progeny is produced during the reverse transition, from glial cells to melanocytes, which took place under clonal expansion of Schwann cells by ET3 . During both transdifferentiation processes, descendant cells transiently coexpressed glial-and melanocyte-specific markers. Therefore, pigment cells and peripheral glial cells are able to reverse to their progenitor upstream in NC lineage hierarchy, the bipotent GM cell (Fig. 4) . Such plasticity of differentiated NC phenotypes in vitro implies flexibility of NCC lineage specification. These findings argue that NC-derived cells may, in certain circumstances such as repair, display similar potential for phenotype plasticity in vivo, as suggested by the fact that adult Schwann cells can generate pigment cells after severe peripheral nerve injury in mouse (Rizvi et al., 2002) .
Although, as described above, the NCC fated to yield the neuronal-glial and melanocytic lineages exhibit a large amount of plasticity, rigid constraints are imposed upon the development of NC mesenchymal derivatives. This was revealed in studies aimed at deciphering the mechanisms underlying the formation of the facial skeleton.
The limits imposed upon NCC in constructing the head skeleton
In a series of studies extending on the recent years, novel information was provided concerning the construction of the facial and visceral skeleton from the NC in the avian and mammalian embryos. First, it was shown that extending the Hox-negative domain of the NC by the inactivation of Hoxa2 gene, results in the duplication of certain cartilages of the lower jaw at the expense of BA2 whose fate is to participate in hyoid bone formation (Rijli et al., 1993; Gendron-Maguire et al., 1993) . Thus, absence of the Hoxa2 expression in BA2 conferred to this segment of the pharyngeal structures the same 'Hox gene statute' as that of BA1, which normally yields the lower jaw cartilage and bone. Accordingly, if expression of Hoxa2 is experimentally induced into all BA1 tissues (i.e. ectoderm, NC, mesoderm and endoderm), partial homeotic transformation of BA1 into BA2 is observed in the chick (Grammatopoulos et al., 2000) and in Xenopus (Pasqualetti et al., 2000) . In contrast, if either Hoxa2, Hoxa3 or Hoxb4 are exclusively transfected in the rostral NC domain, the NCC ability to differentiate into skeletal structures is abolished (totally for Hoxa2 and partly for Hoxa3 and Hoxb4) . Therefore, Hox genes play crucial role in defining not only the environment in which the NCC develop but also their own capacity to yield specific skeletal structures. This was further documented by the fact that Hox-positive NCC surrounded by a Hoxnegative environment remain able to yield neural and melanocytic derivatives but do not develop into skeletal tissue of any kind (cartilage or membrane bone), hence cannot substitute for Hox-negative NCC in facial skeletogenesis (Couly et al., 1998 . In contrast, Hoxnegative NCC transplanted posteriorly can replace the Hox-positive cells and yield normal hyoid bone (Couly et al., 1998) . If the entire Hox-negative domain of the NC (from mid-diencephalon to r3) is extirpated, no facial skeleton develops but, within the Hox-negative NC rostral domain, a great deal of regulation can occur: a fragment as small as one third of the neural fold is able to build up a complete facial skeleton .
The Hox-negative NC rostral domain (or FSNC, for Facial Skeletogenic NC) thus behaves as an 'equivalence group' (as far as its ability to construct the facial skeleton is concerned) since each of its parts appears to have similar developmental potentialities. This notion is in contradiction with the interpretation of an experiment carried out by Noden (1983) , where heterotopic transplantation of the NC normally fated to colonize BA1, to the mid-rhombencephalic level (roughly at r4 -r5 level), resulted in partial duplication of the lower jaw skeleton together with the development of an extra-lower beak rudiment. This was taken as a sign that NCC were specific for building up the different pieces of the facial skeleton.
However, when similar experiments were carried out, in which the transplant was carefully limited to the neural fold (and did not include a neural tube fragment), the transposed NCC were found to participate in formation of the hyoid bone and no jaw duplication ever occurred (Couly et al., 1998) . In contrast, the Noden's result could be reproduced when dorsal neural tube of the posterior mesencephalon was also included in the graft. Trainor et al. (2002) proposed that FGF8 which is produced by the midbrain -hindbrain junction included in the neural tube graft, could be responsible for inducing jaw duplication.
The role of FGF8 in facial skeleton development was recently confirmed in the chick. As mentioned above, removal of FSNC at 5 -6 somite stage (ss) results in the lack of facial skeleton. This is accompanied by striking decrease of Fgf8 gene expression in the prosencephalon and BA ectoderm as early as 24 h after surgery (at E2 -E3). If these operated embryos are treated with exogenous FGF8 provided by herapin-acrylic beads placed on the surface of presumptive BA1 ectoderm, a large part of the facial skeleton including the lower jaw regenerates. NCC derived from r3 were shown to be the source of regenerating cells (Creuzet et al., 2004) . Accordingly, if FGF8 expression is switched off by electroporation of dsRNA in the presumptive BA1 ectoderm in 5 -6 ss chick embryos, NCC migration to BA1 is severely reduced (Fig. 5) . These experiments show that FGF8 exerts an effect on the immigration of NCC in BA1 and on the proliferation of NCC from r3, making them able to regenerate the jaw.
The question was then raised of the origin of the patterning information responsible for specifying the facial skeletal structures. The ventro-lateral pharyngeal endoderm was shown to exert a decisive effect on this developmental process. Definite endodermal areas were identified as necessary for the development of the nasal septum, Meckel's cartilage, articular and quadrate cartilages and anterior part of the hyoid complex (Fig. 6 ). This interpretation was confirmed when grafting endodermal stripes from stage-matched quail embryos in the migration pathway of cephalic chick NCC, was shown to cause duplication of the corresponding skeletal pieces. The extra-cartilages formed in contact with quail endoderm, and then were made up of chick cells, meaning that they resulted from induction of the host NCC by the grafted endoderm. Further experiments showed that, in addition to be essential for shaping cartilage rudiments, the ventral foregut endoderm signals also dictate the position adopted by facial cartilages with respect to body axis .
The rule holds also for hyoid structures which develop from Hox-expressing NCC in response to endodermal cues arising from the more caudal part of the foregut endoderm (Ruhin et al., 2003) .
The analysis of the factors which intervene in building up the face is only in its beginning. The possibility to construct chimeras in avian embryo has recently led to show that even if the endoderm plays a role in determining which bone will be formed at a given place in the face and how it will be orientated with respect to body axis, the fine shape and the size of each bone and the precise timing of its development depends to a large extent upon the intrinsic genetic information borne by the cells which make it, i.e. the NCC. In experiments performed by Schneider and Helms (2003) where the quail cephalic NC was replaced by that of a duck embryo (these chimeras are called 'duails'), the upper beak was enlarged and looked more like a duck's than a quail's. In the reverse (quail NCC into duck) combination, the chimeric 'quck' beak adopted a quail-like morphology.
Quail-duck NC chimeras were also constructed by Tucker and Lumsden (2004) . In these experiments, the morphology of quail cartilages that developed within the duck environment (and vice versa) was studied. It turned out that the shape of the facial cartilages (i.e. entoglossum and retroarticular process, which clearly differ in duck and quail) was always of NC donor type, as a result of species-specific differences in growth rate.
Another important finding from quail-duck chimeras was that membrane bones associated with cartilages of the facial skeleton maintain their species-specific timing of differentiation. Thus, during facial morphogenesis, timely regulated and multistep cross-talk takes place between the epithelia (endoderm and ectoderm) and the NCC. This was further documented by showing the presence in the beak of a signalling centre for positioning and refining the shape of NC-derived skeletal pieces (Hu et al., 2003) .
Concluding remarks
Originating from a small group of embryonic cells, the NC is a unique structure in many respects. It yields a very large number of cells, which become widely distributed in the adult body. Indeed, the smallest blood vessel ramifications endowed of a contractile wall are accompanied by nerve fibres derived from autonomic neurones and lined by glial cells, all derived from the NC. All the glands that develop from the pharyngeal epithelium (salivary, parathyroid, thyroid, thymus) have a mesenchymal NC-derived component. Glandular cells like those producing epinephrin and calcitonin originate from the NC, which is the most important provider of the cells which constitute the vertebrate head. There is virtually not a tissue of the vertebrate body, which is devoid of NC-derived cells. The only other cellular system sharing with the NC this ubiquitous and diversified characteristic is formed by the hemopoietic cells.
After a century of research, the NC has finally reached the status of an important embryonic structure that had not been perceived before a thorough study of its derivatives was carried out in the avian embryo. The latter is particularly suitable for this type of studies since it is accessible for embryonic manipulations at the time when histogenesis and organogenesis take place. The fact that it is possible now to manipulate not only the cells as before but also their genes by inducing loss-or gain-of-function of elected genes in definite embryonic areas and at chosen times in development, will make the 'chick' model even more useful than it has ever been.
